Death-associated protein-kinase (DAP-Kinase) is a serine/threonine kinase with a death domain that is involved in apoptosis induced by interferon-␥, TNF-␣, and Fas ligand. Epigenetic down-regulation of DAP-Kinase gene expression by hypermethylation of its promoter region was reported in B-cell malignancies. Previous pathoepidemiologic studies indicated that thyroid lymphoma (TL) evolves among active lymphoid cells in chronic lymphocytic thyroiditis (CLTH). With use of methylationspecific polymerase chain reaction, the methylation status of DAP-Kinase CpG island was examined in thyroid lesions of 19 cases with TL and 9 with CLTH. The frequency of methylation was higher in TL cases (16 of 19, 84.2%) than in CLTH cases (2 of 9, 22.2%) (p Ͻ 0.01). DNA extracted from peripheral blood leukocytes from TL and CLTH cases never showed methylation, indicating that the methylation occurred somatically in the lesional lymphocytes in thyroid. These findings suggested that methylation of the DAP-Kinase promoter region might be involved in the development of TL from CLTH. (Lab Invest 2000, 80: 1651-1655.
T he death-associated protein-kinase (DAPKinase) gene is one of the genes isolated as a positive mediator of interferon-␥ (IFN-␥)-induced apoptosis by the functional approach of gene cloning based on transfections of HeLa cells with antisense cDNA libraries (Deiss and Kimchi, 1991) . DAP-Kinase is a 160-kD calcium/calmodulin-dependent serine/ threonine kinase with a death domain (Deiss et al, 1995) . Overexpression of DAP-Kinase induces the death of HeLa cells without external stimuli, whereas the catalytically inactive mutant of this gene prevents cells from IFN-␥-induced apoptosis in a dominant negative manner . Recent studies demonstrated that DAP-Kinase also participates in TNF-␣-and Fas-induced apoptosis (Cohen et al, 1999) . Loss of DAP-Kinase expression enhances metastatic activity of lung carcinoma cells in the experimental model (Inbal et al, 1997) .
Cell lines of various carcinomas and B-cell lymphomas are resistant to IFN-␥-induced apoptosis through decrease or absence of expression of DAP-Kinase at mRNA or protein levels (Katzenellenbogen et al, 1999; Kissil et al, 1997) . IFN-␥-induced apoptosis could be restored in some of these cell lines through enhanced expression of DAP-Kinase by treatment with 5-aza-2'-deoxycytidine, a DNA demethylating agent (Kissil et al, 1997) , indicating that decrease or absence of expression of DAP-Kinase was induced by methylation of the DAPKinase gene. Methylation was reported to occur also in primary tumor samples, such as B-cell malignancies (Katzenellenbogen et al, 1999) . These findings suggest that hypermethylation of DAP-Kinase promoter region epigenetically reduces gene expression, thus cells are rescued from apoptosis. Such an epigenetic downregulation of gene expression through methylation of the promoter region is important as an alternative to loss of gene function by deletion or mutation (Counts and Goodman, 1995; Laird and Jaenisch, 1996) .
Thyroid lymphoma (TL) is a minor constituent of non-Hodgkin's lymphomas (NHL) of B-cell type (Aozasa et al, 1987) . Epidemiologic studies revealed that the frequency of TL in patients with chronic lymphocytic thyroiditis (CLTH), an organ-specific autoimmune disease, is 67 to 80 times higher than that in age-and sex-matched normal individuals (Aozasa, 1990; Holm et al, 1985) . Among TL patients serum antibodies against thyroglobulin and/or microsomes were positive in 80% of cases, and histologic examination of thyroid lesions revealed the presence of CLTH in almost all TL cases (Aozasa, 1990) . These findings indicated that TL evolves among active lymphoid cells in CLTH. In this study we investigated the methylation status of DAP-Kinase promoter region in TL and CLTH cases to examine whether the hypermethylation of this gene is involved in the development of TL from CLTH.
Results

Histologic Findings
TL cases comprised 9 diffuse large B-cell lymphomas, 5 follicle center cell lymphomas, and 5 marginal zone B-cell lymphomas (Table 1) . Immunohistochemistry revealed that all TL cases showed B-cell phenotypes, namely, CD20 ϩ and/or MB-1 ϩ , CD43 -, CD45RO -.
Methylation-Specific PCR for the DAP-Kinase Promoter Region
To confirm the efficacy of the procedure, methylationspecific PCR (MSP) was performed on two control cell lines with proven methylation status of DAP-Kinase gene. Raji showed amplification in the reaction for methylated sequences, but not for unmethylated sequences; whereas a lymphoblastoid cell line showed amplification only for the unmethylated sequences ( Fig. 1) .
The results of MSP in TL and CLTH cases are summarized in Tables 1 and 2 , and representative cases are illustrated in Figure 1 . The frequency of cases with hypermethylation of DAP-Kinase promoter region in TL (16 of 19 cases; 84.2%) was significantly higher than that in CLTH (2 of 9 cases; 22.2%) (p Ͻ 0.01). In the TL cases, each case of diffuse large B-cell lymphoma, follicle center cell lymphoma, and marginal zone B-cell lymphoma showed no hypermethylation. In the CLTH cases, duration in two cases with hypermethylation was 6 and 40 years and in seven cases without hypermethylation ranged from 1 to 28 (median 6) years. Age at surgery or biopsy in cases with and without hypermethylation was 52 and 68 years and ranged from 50 to 67 (median 61) years, respectively. Histologically 1 of 2 CLTH cases with hypermethylation showed a severe lymphocytic infiltration. Even so, two CLTH cases with hypermethylation showed no clonal rearrangement of immunoglobulin heavy chain gene by Southern blot analysis (Table 1) , confirming the reactive nature of thyroid lesions in these cases.
In 14 cases in which the DAP-Kinase promoter region in the thyroid lesion sample proved to be 
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methylated, methylation status of DNA in the peripheral blood leukocytes (PBL) was also examined to evaluate whether methylation occurred at germline gene. None of the cases showed methylation in PBL samples (Fig. 1) , indicating the absence of methylation at germline gene.
Discussion
In this study hypermethylation of the DAP-Kinase promoter region was observed in 16 of 19 cases (84.2%) with TL (Table 1, Fig. 1) . A previous report showed the similar results that 84% of B-cell lymphomas (although their histologic types and site of origin were not described) had methylated promoter regions of DAP-Kinase gene (Katzenellenbogen et al, 1999) , whereas hypermethylation was observed in fewer cases with CLTH (2 of 9 cases, 22.2%) than those with TL (p Ͻ 0.01; Table 2 ). No significant differences in histologic findings were observed between TL cases with and without hypermethylation. One of two CLTH cases with hypermethylation histologically showed severe lymphocytic infiltration in the thyroid gland, but clonal rearrangement of immunoglobulin heavy chain gene was not found even in this case. Duration of CLTH seemed to be longer in CLTH cases with hypermethylation than those without, although definitive conclusions could not be drawn because of the small number of cases with hypermethylation.
In 14 cases with methylated DAP-Kinase promoter region in the thyroid lesions, methylation status in the PBL was also examined. The results showed absence of methylation in all cases (Fig. 1) , indicating that the methylation occurred somatically in the lymphocytes infiltrated in the thyroid lesions. Decrease or absence of expression of DAP-Kinase induced by hypermethylation of the promoter region results in disruption of the apoptosis pathway triggered by some stimuli, leading to a prolongation of survival of lymphocytes in the lesional tissues. As a result gene abnormalities accumulate in the lesional lymphocytes, which might contribute to progression of CLTH to TL. This supposition is supported by previous reports describing the resistance of neoplastic cell lines to IFN-␥-induced apoptosis through decrease or absence of expression of DAP-Kinase at mRNA and protein levels (Katzenellenbogen et al, 1999; Kissil et al, 1997) . Alternatively the DAP-Kinase expression and IFN-␥-induced apoptosis could be restored in these cells by treatment with a demethylating agent (Kissil et al, 1997) .
A recent study suggested that disruption of the Fas-Fas ligand apoptotic pathway through somatic mutation of the Fas gene is involved in the development of NHL (Grønbaek et al, 1998) . Indeed 9 of 10 current TL cases with methylated DAP-Kinase gene had Fas mutations in the coding region of the death domain, that is, loss-of-function mutation (unpublished data). The question is whether the downregulation of DAP-Kinase expression really contributes to lymphomagenesis in TL. For this point the following findings must be addressed. First, DAPKinase is involved in apoptosis induced not only by Fas but also by IFN-␥ or TNF-␣. It functions downstream of MORT1 (mediator of receptor-induced toxicity-1) and caspase 8 and upstream of other caspases (Cohen et al, 1999) , indicating that DAPKinase plays a major role in the apoptotic pathway triggered by several different stimuli, including FasFas ligand interaction. Second, tumor B-cells from NHL exhibit resistance to apoptosis mediated by Fas-Fas ligand interaction, and this resistance could not be overcome by induction of Fas expression (Plumas et al, 1998) . This indicates a possibility of altered expression and/or function of components downstream of Fas. These findings suggest that down-regulation of DAP-Kinase plays a central role in prolongation of survival of lymphoid cells in the lesional tissues.
The methylation pattern of DNA is established early in development by a combination of demethylation and de novo methylation of cytosine residues, pre- Results of methylation-specific PCR (MSP) for methylation status of the DAP-Kinase promoter region. M and U indicate reactions using primers specific for methylated and unmethylated sequences, respectively. The size of MSP products for the methylated and the unmethylated reaction is 98 bp and 106 bp, respectively. A, Results of MSP in control and thyroid samples. Raji shows amplification only in the methylated reaction, but shows a lymphoblastoid cell line only in the unmethylated reaction. All of the TL cases (1, 7, and 12) and CLTH cases (21 and 26) show bands in the unmethylated reaction, because intermingling reactive cells are always admixed in thyroid lesions. 
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dominantly at CpG sites, and stably maintained through subsequent cell divisions by DNA (cytosine-5-)-methyltransferase (DNA methyltransferase) (Baylin et al, 1998) . Although the mechanisms underlying the alterations of DNA methylation remain unclear, a number of findings support the conclusion that increased activity of DNA methyltransferase may be associated with tumor development (Kautiainen and Jones, 1986) .
Materials and Methods
Case Selection
Thyroid specimens were collected from 19 patients with TL and 9 with CLTH admitted to the Kuma Hospital (Kobe, Japan) or Osaka University Hospital (Suita, Japan) during the period 1992 to 1998. Criteria for diagnosis of CLTH included increased consistency of the thyroid gland, occasional hypothyroidism, high level of TSH, low 123 I-uptake, and presence of antimicrosomal and/or antithyroglobulin antibodies in the serum. Histologic findings of CLTH included lymphocytic infiltration, usually forming lymphoid follicles with germinal centers, varying degrees of fibrosis, and oxyphilic change or squamous metaplasia in the epithelial cells of the thyroid follicles. All patients with CLTH and all but 3 with TL were female. They received open biopsy or hemithyroidectomy at ages ranging from 27 to 89 (median 67) years in TL and 50 to 68 (median 61) years in CLTH (Table 1 ). All patients with TL had a 2-month to 22-year history of CLTH. Histologic specimens were fixed in 10% formalin and routinely processed for paraffin-embedding. Histologic sections, cut at 5 m, were stained with hematoxylin and eosin, and were reviewed by one of the authors (KA). TLs were classified according to the Revised European American Lymphoma (REAL) classification (Harris et al, 1994) . Rearrangement of immunoglobulin heavy chain gene was examined in 4 cases with CLTH and 16 cases with TL by Southern blot analysis with J H probe.
DNA Extraction
Fresh frozen tissues obtained by surgical resection or open biopsy were stored at Ϫ80°C until use. Genomic DNA was extracted from frozen tissues and PBL by a standard phenol/chloroform procedure.
Methylation-Specific PCR
For methylation-specific PCR (MSP) we modified DNA with sodium bisulfite to convert all unmethylated cytosines to uracils, not converting methylated cytosines, and subsequent amplification with primers designed to distinguish the methylated from the unmethylated sequences in bisulfite-modified DNA. Bisulfite modification was performed as previously described (Herman et al, 1996) with some modification. Briefly 1 g of genomic DNA was denatured in 0.5 M NaOH and modified by 10 mM hydroquinone (Sigma, St. Louis, Missouri) and 3 M sodium bisulfite (Sigma). Modified DNA was purified using the Wizard DNA Clean-up system (Promega, Madison, Wisconsin), treated with 0.3 M NaOH, precipitated with ethanol, and resuspended in 20 l of water. MSP was carried out with primer pairs specific for the methylated or bisulfite-converted unmethylated promoter region of DAP-Kinase (Katzenellenbogen et al, 1999) under the following conditions: 95°C for 10 minutes followed by 40 cycles at 95°C for 1 minute, 60°C for 1 minute, 72°C for 1 minute, and a final extension at 72°C for 10 minutes. PCR products were run on the 3% NuSieve agarose gels, stained with ethidium bromide, and observed under ultraviolet illumination. DNA extracted from a Burkitt's lymphoma cell line (Raji) and a lymphoblastoid cell line were used as the methylated and the unmethylated controls, respectively.
Statistical Analysis
Fisher's exact test was performed to evaluate the differences in frequency of methylation in the TL and CLTH cases.
